The linear logistical isobologram is a commonly used and powerful graphical and statistical tool for analyzing the combined effects of simple chemical mixtures. In the case of binary mixtures, the resultant observations consist of data in three-dimensional space (d1, d2, y), where dl and d2 are the dose levels for the two chemicals and y the response. In this paper, special attention will be paid to the quantitative dose-response relationship where y is a continuous response, whereas a brief discussion will be given in "Discussion" for the qualitative dose-response relationship. The systematic part of the dose-response model would be y=f(di,d2A) log _p =P +Ad, +fl2d2+A2dld2 [2] where p is the mortality rate and /12 iS used to describe the interaction. This model can be easily understood from statistical, biologic, and toxicologic points of view. For this model, however, the response is required to be from 0 to 1. Even if the response is the percentage (e.g., y ranging from 0 to 100), then the simple transformation of p=y/l 00 should be used. However, many experimental observations are not constrained in the range of 0 to 100, so Carter's model would present some difficulties.
Epidemiologists and toxicologists frequently conduct a type of toxicity experiment to study the joint action of chemical mixtures in which the biologic response to two or more chemicals is recorded. The issues of experimental design and appropriate analysis of the resultant data are very important and also controversial. The most recent references can be found in Ramamoorthy et al. (1) and Kaiser (2) .
In the case of binary mixtures, the resultant observations consist of data in three-dimensional space (d1, d2, y), where dl and d2 are the dose levels for the two chemicals and y the response. In this paper, special attention will be paid to the quantitative dose-response relationship where y is a continuous response, whereas a brief discussion will be given in "Discussion" for the qualitative dose-response relationship. The systematic part of the dose-response model would be y=f(di,d2A) [1] This paper is based on a presentation at the Conference on Current Issues on Chemical Mixtures held 11-13 August 1997 log _p =P +Ad, +fl2d2+A2dld2 [2] where p is the mortality rate and /12 iS used to describe the interaction. This model can be easily understood from statistical, biologic, and toxicologic points of view. For this model, however, the response is required to be from 0 to 1. Even if the response is the percentage (e.g., y ranging from 0 to 100), then the simple transformation of p=y/l 00 should be used. However, many experimental observations are not constrained in the range of 0 to 100, so Carter's model would present some difficulties.
Barton et al. (4) proposed a series of nonlinear models to characterize the chemical joint action. Specifically, the simple similar model is approximately equivalent to the dose/concentration additivity; the independent action model is approximately equivalent to the response additivity and the nonadditivity model is for the interaction. In these models two additional parameters, Ymin and Ymax, were introduced to overcome the difficulties of the response range not being uniformly within 0 to 100. Although these models could be easily understood by professional statisticians, the complexity of the computational code was a burden for many biologists and toxicologists who implemented these models.
Kodell and Pounds (5) considered an envelope for the mixtures' joint action and examined the dose additivity and response additivity for the dose and log dose scales. The results were extended by Razzaghi and Kodell (6) using a Box-Cox transformation (7) . We /312d,d2 log P )_ fl [7] [6]
and its associated ED1loop line djP as Figure 1 illustrates the application of this procedure for data from "Binary Mixture of Cadmium and Mercury."
Box-Cox Transformation to Both Sides
In the application of any dose-response model [1] , care should be taken for the assumptions of normality and homogeneity of the residuals; otherwise, the estimates and the statistical inference could be invalid. In the case of nonnormality and heteroscedasticity, an alternative model or appropriate transformation should be used to reanalyze the data. TBS is promising, particularly when the data come from a large range with a large quotient between the maximum and the minimum response, which is often the case for dose-response data structure. The TBS model takes the form:
,A] + ae [9] where h (., X) is the transformation family with parameter A associated with the transformation, and e is assumed to have mean 0 and variance 1. [10] is continuous in A and with A-*0 being the logarithm transformation. Therefore, the log transformation in Barton et al. (4) is just a special case of the Box-Cox transformation family. It can be easily seen that if A-> 1, the TBS model [10] is back to the untransformed model [3] . We can then consider the untransformed nonlinear model [3] and Barton's log transformation to both sides as the two extremes and by allowing A in [10] The data are given in Table 1 and the data analysis is summarized in Table 2. Carter's model [4] is applied to this data from two aspects by using Ymax = 100 and Ymin = 0 or 1. The model with Ymax= 100 and Ymin = 1 and the model with ymax = 100 and Ymin = 0 are noted in Table 2 . The isobologram analysis supports the conclusion (Figure 1) .
In Table 2 (16) . The new model, will soon be a module of the software named MAS (Mixture Analysis System), and will be used specifically for chemical mixtures research.
In the fitting of models [3] and [9] , a scheme to find good starting values for the parameters is critical. This selection can be obtained from the following procedure.
The initial values for parameters Ymin and Ymax can be chosen from the observed minimum and maximum values from the response. By using these two values for model [3] , the initial values for /3i i = 0, 1, 2, 12 can be obtained from linear regression [4] . The parameter A in the model BCTBS [9] can take any value from 0 to 1.
The confidence band for the ED50 line d2LP can be derived from Fieller's theorem (9) , which can be used visually to evaluate the effect of chemical mixtures. Specifically, this confidence band is plotted with the observed 50% isobol to see whether the observed 50% isobol is within the confidence band to make conclusions about synergism, antagonism, and additivity. Figure 1 illustrates the application of this confidence band structure for the observed ED50 isobol and the corresponding ED50 line.
We presented the model [3] for the interaction of only two chemicals. In fact, this model can be easily modified for the analysis of any number of drugs or chemical mixtures. Because the interaction of more chemicals is more toxicologically complicated to classify, the discussion would be complex. For example, in the mixtures of three drugs or chemicals, the nonlinear model [3] would be + Ymax -
Ymin
Y=Ymin l+ e-di,d2,d3,) [11] where g(dl,d2,d3j) = I3o+ P1dl + f32d2...
In this situation, CIis defined as: CI dl +1 d2 + d3 EDIOOP(1) ED10op(2) ED10op(3) [12] and can be also expressed as ci = fild 2d2 + 3d3 = l m2 ml ml where ml =logt P _ and M2 = fA2dAd2 + A33dAd3 + fi23d2d3 +fI23dld2d3.
It can be seen that whether the CI is greater than, less than, or equal to zero is dependent on the expression M2, which is a function of the parameters and also the magnitude of the three dose levels. In the case that all parameter estimates are statistically greater than, less than, or equal to zero, the conclusion of synergism, antagonism, or additivity of these three drugs or chemicals can be made.
It has been suggested that a good contribution could be made in this area by using a generalized linear model approach or the iteratively reweighted least square algorithm to fit the dose-response relationship. We have examined these approaches for the quantal dose-response relationship where the responses are qualitative, such as in mortality rates for rats (17) .
In all, we are encouraged by the performance of this nonlinear isobologram model and believe that it will provide a plausible method for risk assessment, toxicology, epidemiology, and environmental research.
